Abstract Alzheimer's disease (AD) is a neurodegenerative disorder in which amyloid b plaques are a pathological characteristic. Little is known about the physiological functions of amyloid b precursor protein (APP). Based on its structure as a type I transmembrane protein, it has been proposed that APP might be a receptor, but so far, no ligand has been reported. In the present study, 9 proteins binding to the extracellular domain of APP were identified using a yeast two-hybrid system. After confirming the interactions in the mammalian system, mutated PLP1, members of the FLRT protein family, and KCTD16 were shown to interact with APP. These proteins have been reported to be involved in Pelizaeus-Merzbacher disease (PMD) and axon guidance. Therefore, our results shed light on the mechanisms of physiological function of APP in AD, PMD, and axon guidance.
Introduction
Alzheimer's disease (AD), a common form of dementia, is a neurodegenerative disorder characterized by senile plaques composed of beta-amyloid widely scattered in the brain. The beta-amyloid is produced from amyloid precursor protein (APP) by proteolytic processing. APP is a type I transmembrane protein with a long extracellular domain and a short intracellular domain and is involved in a variety of cellular processes such as cell adhesion [1] [2] [3] [4] , and axon guidance [5, 6] . Although the mechanisms underlying AD are far from being fully understood, it is possible that disturbance of APP function may contribute to the disease process.
An important approach to the study of APP function is to explore its binding partners. So far, many proteins including F-spondin [7] , apolipoprotein E [8] , Fe65 [9, 10] , and JNKinteracting protein 1 [11] have been reported to interact with APP. However, the physiological function of APP is not fully understood due to its unknown binding proteins. Also, the structure of APP indicates that it may function as a cellular receptor. Therefore, finding the possible ligands of APP is of importance in revealing its physiological and pathological functions. The yeast two-hybrid method is a powerful tool for discovering unknown protein-protein interactions, so we used the extracellular domain of APP 695 as the bait to identify possible membrane or secreted binding proteins.
Materials and Methods

Materials
The plasmid pGBKT7 was from Shanghai Jiran Biotech Co., Ltd. (Shanghai, China). The Y2HGold and Y187 yeast 
Calcium Phosphate Transfection of HEK293T Cells
HEK293T cells were seeded in 6-well plates at 4 9 10 5 cells/well. The medium was changed 24 h later. Two Eppendorf tubes were prepared: one contained 100 lL 2 9 Hepes buffered saline (HBS) and the other contained a mixture of 4 lg plasmid, 10 lL 2 mol/L CaCl 2 , and sterile water to a final volume of 100 lL. The DNA/CaCl 2 mixture was gently mixed and added dropwise into HBS, followed by 20 episodes of air-bubbling through the mixture. The mixture was finally added dropwise to the medium.
Co-immunoprecipitation
Co-immunoprecipitation (Co-IP) was performed following the protocol with the Protein A?G Agarose system (Beyotime Institute of Biotechnology Ltd.). Briefly, HEK293T cells were harvested 24 h post-transfection and centrifuged at 13,000 rpm for 15 min at 4°C. The supernatant was separated into two parts: one part served as the positive control (input), and the other was treated with normal mouse IgG and Protein A?G Agarose to eliminate nonspecific binding before incubation at 4°C with Protein A?G Agarose and primary antibody overnight. After that, the mixture was centrifuged and the pellet was washed with pre-chilled phosphate-buffered saline. The pellet was heated at 99°C for 5 min in 1 9 loading buffer before centrifugation at 13,000 rpm at 4°C for 1 min. The supernatant was assessed by Western blot together with the positive control.
Results and Discussion cDNA Library Screening by Yeast Mating
Gal4 DNA-BD fused with mouse p53 was encoded by pGBKT7-53, and Gal4 AD fused with SV40 large T-antigen was encoded by pGADT7-T. It has been reported that p53 and large T-antigen interact in yeast two-hybrid assays [12, 13] . Therefore, mating between Y2HGold [pGBKT7-53] and Y187 [pGADT7-T] generated diploid cells with both plasmids that activated the reporter genes enabling the yeasts to grow on SD-Leu/Trp/His/Ade with X-a-Gal plates as well as aureobasidin A (QDO/X/A) plates. The negative control was performed by mating between pGBKT7-Lam and pGADT7-T (note that Gal4 AD fused with lamin was encoded by pGBKT7-Lam). Therefore, diploid yeast cells containing pGBKT7-Lam and pGADT7-T grew on SD-Leu, SD-Trp, and SD-Leu/Trp (DDO) plates, but not on QDO/X/A plates (Table S1 ). Blue colonies were observed on QDO/X/A plates in positive controls (Fig. S1A , red circles) but not in negative controls, indicating that the QDO/X/A plates were suitable for the subsequent yeast two-hybrid screen (Fig. S1A) .
The coding sequence of APP contains 2088 base pairs. Base pairs 1-51 encode the signal sequence, 52-1872 encode the extracellular domain, 1873-1944 encode the transmembrane domain, and 1945-2088 encode the intracellular domain. Base pairs 52-1872 encoding the extracellular domain were cloned into the pGBKT7 vector, constructing the APP ex -pGBKT7 clone (Fig. S1B) .
APP ex -pGBKT7 was transformed into the Y2HGold strain in a small-scale transformation according to the Yeastmaker TM user's manual. Then the yeast was plated on an SD-Trp plate (SD plate without tryptophane). After 4 days of incubation, colonies were inoculated with 50 mL SD-Trp medium and incubated for 3 days with shaking. Then the yeast proteins were extracted using a kit (Beijing ComWin Biotech Co.,Ltd., China) and the expression of APP was assessed by Western blotting using anti c-myc (Fig. S1C) .
To determine whether APP ex -pGBKT7 was toxic, APP ex -pGBKT7 or pGBKT7 alone was transformed into Y2HGold strain on a small-scale according to the user's manual, and the transformations were plated on SD-Trp plates. Three days after incubation at 30°C, the sizes of the colonies from the two plates were compared and no significant difference was found (Fig. S1D) . Therefore, APP was considered to have little toxicity.
To test the possibility of auto-activation of APP expGBKT7, it was transformed into Y2HGold on a smallscale transformation. A 1:10 dilution of the transformation product was plated on an SD-Trp with X-a-Gal (SD-Trp/X) plate, an SD-Trp with X-a-Gal and aureobasidin A (SDTrp/X/A) plate, and an SD-Trp/His/Ade with X-a-Gal and aureobasidin A (SD-Trp/His/Ade/X/A) plate. Five days after incubation at 30°C, the growth and color of the colonies were recorded. Both the SD-Trp/X and the SDTrp/X/A plates had blue colonies, indicating that the autoactivation of APP ex -pGBKT7 occurred under these conditions (Fig. S1E, red circles) . Nevertheless, no colonies were observed on the SD-Trp/His/Ade/X/A plate, indicating that APP ex -pGBKT7 was not able to activate 4 reporter genes at the same time. Therefore, the auto-activation of APP ex -pGBKT7 was unlikely under SD-Trp/His/Ade/X/A conditions.
A mixture of bait APP ex -pGBKT7 culture and cDNA library culture was made according to the Matchmaker Ò user's manual. After 24 h of incubation, the mixture was spread on 150-mm diameter QDO/X/A plates and incubated at 30°C for 5 days. Five days later, 192 colonies were obtained from the QDO/X/A plates. As blue and white colonies were found, they were then separated in order to obtain colonies that had interactions with bait plasmids. Pure blue colonies were acquired after 3-4 separations and 192 cDNA plasmids were recycled. Then the cDNA plasmids and APP ex -pGBKT7 were co-transformed into Y2HGold according to the Yeastmaker TM user's manual. Among the 192 cDNA plasmids, 77 were positive. The sequencing results of these 77 candidates revealed that 9 were transmembrane proteins ( Fig. 1 ; for DNA sequences, see supplementary materials). Of the 9 candidates, TMEM30A was demonstrated to bind APP by affinity capture-MS [14] . Although RAB13 has not been demonstrated to bind with APP, 19 other RAB family proteins (RAB1B, RAB2B, RAB3A, RAB3D, RAB5C, RAB7B, RAB8B, RAB10, RAB11B, RAB14, RAB26, RAB27A, RAB28, RAB35, RAB38, RAB39A, RAB40B, RAB43, and RABL3) all interact with amyloid b [15] .
Confirmation of Interactions in a Mammalian System
To assay for the interactions between APP and its screened products in a mammalian system by Co-IP, full-length APP was designed to express mCherry at its C-terminal (APPmCherry). Meanwhile, mutated full-length PLP1, fulllength FLRT3, and full-length KCTD16 were designed to express EGFP (enhanced green fluorescent protein) at C-terminal (mPLP1-EGFP, FLRT3-EGFP, and KCTD16-EGFP). Then APP-mCherry and mPLP1-EGFP were cotransfected into HEK293T cells. The cells were harvested 24 h later and Co-IP experiments were performed. mCherry and EGFP were each detected in EGFP and mCherry complexes, indicating that mutated PLP1 interacted with APP ( Fig. 2A, B) . However, wild-type PLP1 (wtPLP1-EGFP), in which the conformation was different from mutated PLP1, did not bind APP (Fig. 2C, D) . Similarly, KCTD16-EGFP and FLRT3-EGFP interacted with APPmCherry (Fig. 2E-H ) (FLRT1 and FLRT3 are both members of the fibronectin leucine-rich transmembrane protein family). The Co-IP results showed that FLRT1 and APP interacted in HEK293T cells (Fig. 2I) .
FLRT3 has been reported to promote neurite outgrowth in cultured neurons [16] . As a co-receptor for Robo 1, FLRT3 regulates the attractive response to the guidance molecule Netrin-1 together with Slit/Robo 1 [17] . During embryonic development, FLRT3 can be shed and release the ectodomain. Then this ectodomain can serve as a guidance cue for the axons of Unc5-positive neurons [18] . APP has been reported to mediate axon guidance [6] . To test whether the ectodomain of APP interacts with the ectodomain of FLRT3, the ectodomains of APP and FLRT3 were cloned and transfected into HEK293T cells. These ectodomains contained only the extracellular part without the signal sequence and the transmembrane domain. Therefore, the ectodomain proteins showed a clear cytoplasmic expression pattern (Fig. 3A, B) , different from the membrane proteins (Fig. S2) . The ectodomain of APP interacted with the ectodomain of FLRT3 (Fig. 4A, B) . Therefore, it is possible that the ectodomain of FLRT3 functions as guidance cue by binding to its receptor APP. We also found that FLRT1 interacted with APP. These results indicate that the FLRT protein family is involved in cellular processes such as axon guidance and synaptic development by binding APP. However, whether APP works upstream or downstream of the FLRT protein family in mediating axon guidance needs further investigation.
PLP1, a multi-transmembrane protein, functions in myelin formation and maintenance. Mutations in the PLP1 gene cause dysmyelination in the central nervous system. Three kinds of PLP1 mutation have been reported: point mutations [19] , duplications [20] , and deletions [21] . The mutated PLP1 in our study had a 74-base-pair deletion that led to a premature stop codon. APP is a transmembrane protein expressed in neurons and oligodendrocytes and PLP1 is also a membrane-spanning protein that is abundantly expressed in oligodendrocytes. Similar to FLRT3, the ectodomain of mutated PLP1 contained only the extracellular part without the signal sequence and the transmembrane domain and showed a cytoplasmic expression pattern (Fig. 3C) . We also found that the ectodomain of APP interacted with the ectodomain of mutated PLP1 (Fig. 4C, D) . Therefore, the binding of APP with mutated PLP1 could affect the development of oligodendrocytes and the formation and maintenance of myelin sheaths in Pelizaeus-Merzbacher disease.
KCTD16 is an auxiliary subunit of the c-aminobutyric acid B (GABA B ) receptor, which is involved in many neurological and psychiatric disorders [22] . Its functions are affected in distinct ways by the auxiliary subunits [23] . By binding to the KCTD16 auxiliary subunit of the GABA B receptor, APP could be involved in neurological and psychiatric disorders.
In this study, three transmembrane proteins were found to bind with APP. The interaction of APP and mutated PLP1 shed light on the molecular mechanism of PelizaeusMerzbacher disease. Moreover, the interaction between APP and the FLRT protein family provided further evidence for a function of APP in axon guidance. Our results identified three transmembrane binding partners of APP and provide evidence for understanding its physiological and pathological functions.
